vi Cerebral arterial bifurcations in rats were treated to induce cerebral aneurysms experimentally, and flow patterns of latex particles introduced under a constant flow rate were analyzed with a 16-mm cine-camera and videocassette recorder. Cerebral aneurysms were produced by ligating one common carotid artery, inducing experimental hypertension, and feeding the animals 0-aminopropionitrile. After perfusion and fixation, samples of cerebral arterial bifurcations with shallow invaginations and with small aneurysms were obtained and used for analysis. Bifurcations in rats without experimental treatment were used as control specimens. Flow studies in the control bifurcations showed that the apical intimal pad, not the apex itself, acted as the flow divider. Small particles tended to accumulate at the region just distal to the apical intimal pad, where the initial aneurysmal changes are known to occur. This indicates stagnation of flow at that site. In the bifurcations with shallow invaginations and small aneurysms, a marked pressure gradient was present at the proximal end of the aneurysm orifice. A tendency for stagnation of small particles near the aneurysm wall was also observed. The wall shear stress was highest at the distal end of the aneurysmal orifice, which may be responsible for the development of these lesions. We have developed an experimental animal model to induce cerebral aneurysms at the bifurcation of major cerebral arteries." We have found that an arterial bifurcation has a much more complex geometry than that observed in glass models,' in that the blood flow near the bifurcation can be readily influenced by changes in the intraluminal geometry. In the present study, we analyzed the flow pattern at the cerebral arterial bifurcation in an experimental rat model with various stages of aneurysm formation.
Materials and Methods

Preparation of the Bifurcation
Male rats of the Sprague-Dawley strain, aged 6 or 7 weeks, were used for this study. In each rat, the left common carotid artery and the posterior branches of both renal arteries were ligated under sodium pentobarbital anesthesia (40 mg/kg intraperitoneally). One week after ligation, 1% of NaC1 solution was given with the animals' drinking water. Two weeks later, 3-aminopropionitrile fumarate was added to a standard laboratory diet in a 0.12% concentration. About 3 months after ligation, the rats were cannulated through the descending aorta under general anesthesia, and perfused with heparinized phosphate-buffered saline (PBS, 0.15 M, pH 7.4), followed by 2% buffered formaldehyde. After perfusion and fixation, the major arteries at the base of the brain were carefully removed under a dissecting microscope. The junctions of the anterior cerebral artery (ACA) and the olfactory artery (OA) on the right side were dissected out for study. The right-sided ACA/OA junctions of untreated, nonlathyritic rats of the same age were also prepared for control materials in the same manner (Fig. 1) .
Flow System and Pert Fluid
The experimental system for flow analysis is illustrated in Fig. 2 
Flow Visualization and Recording
The perfusion fluid was controlled as a constant (nonpulsatile) flow with a constant head pressure system. The flow velocity of the parent ACA was limited to less than 20 mm/sec by changing the height of the head cylinder. For the illuminating system, a 300-W tungsten halogen lamp was used. Particle motions were observed through the microscope at magnifications ranging from x 12 to x 100. Recordings were made by a videocassette recorder, and a 16-mm tine-camera at a speed of 64 framesisec.t
Image Analysis
The developed cinefilm was projected onto a screen frame-by-frame, and the motions and paths of the latex particles were plotted and analyzed. To improve the quality of the image, a film-to-video converter and a real-time image improvement system were used. t. The flow behavior of the particles was monitored by repeated inspection of the video recordings.
Results
Flow in Control Bifurcations
Latex particles in the lumen were clearly and individually observed on the 16-mm cinefilm (Fig. 3 left) . The paths of each particle could be traced by superimpost Videocassette recorder, Model AG-7300, manufactured by Matsushita Electric, Inc., Kadoma, Japan; eine-camera manufactured by Bolex Co., Geneva, Switzerland.
t Film-to-video converter, Model TRV-l 6 manufactured by Elmo Co., Nagoya, Japan; Real-time image improvement system, Model DVS-3000, manufactured by Hamamatsu Photonics, Hamamatsu, Japan, Table 1 was measured.
ing several frames (Fig. 3 right) . In the control bifurcations it was observed that the apical intimal pad, not the apex, acted as the flow divider (Fig. 4) . Flow disturbances existed both in the OA and in the daughter ACA: some streams crossed the main stream toward the outer walls of both branches. Table 1 shows the vessel diameter (D), the maximum flow velocity of each vessel (Umax), and the corresponding Reynolds number (Re) calculated using the equation as follows: Re = p X Umax X D/77, where p is the density and i is the viscosity of the perfusion fluid. In some cases, latex particles accumulated just distal to the apical intimal pad on the side of the daughter ACA (Fig. 5) . When particles of various sizes were mixed in the same fluid, only small particles tended to accumulate. The tendency for particles to accumulate was more marked in higher-flow than in lower-flow rates.
Flow in Bifurcations With an Aneurysm
In bifurcations with a shallow invagination and in specimens with a small aneurysm, the diameters of the parent ACA's were about twice as large as those in control bifurcations (Table 1) , In bifurcations with a shallow invagination, some of the particles in the stream of the parent ACA on the OA side entered the dome from the proximal end of the aneurysmal orifice, with a sudden decrease of flow velocity. They then moved along the luminal surface of the aneurysms very slowly, with little change in their velocity. They emerged from the aneurysmal lumen at the distal end of the orifice to enter the stream along the medial wall of the daughter ACA (Fig. 6 left) .
In bifurcations with a small aneurysm, the particles flowing in the stream of the parent ACA on the OA side reached the proximal end of the orifice and entered the cavity, changing their flow direction at the lateral angle toward the fundus. Then, they showed almost the same flow behavior as in the bifurcations with a shallow invagination (Fig. 6 right) .
Streams in the aneurysm were not parallel to the main stream of the daughter ACA; they deviated toward the fundus and the deviation pattern depended on the size and shape of the aneurysm. The nearer the streams were to the fundus, the more they deviated toward the fundus. In bifurcations with a small aneurysm, some streams crossed the main stream of the daughter ACA (Fig. 6) .
In the bifurcation with shallow invagination, the wall shear rate (T, which is the velocity gradient in the direction normal to the vessel wall in sec-') was roughly estimated using the data of flow velocity near the wall. Assuming a parabolic velocity distribution near the wall, the wall shear stress (T) was calculated in terms of the equation, T = 77 x T, at the following four points: 1) the proximal end of the aneurysmal wall; 2) near the fundus; 3) the distal end of the aneurysmal wall; and 4) just distal to the distal end of the aneurysmal wall (Fig. FIG. 6 
Discussion
Laboratory Preparation
In this animal model, aneurysms develop most frequently on the ACA, at the origin of the OA on the side opposite the carotid ligation."'" We have shown that these induced aneurysms are very similar morphologically and histopathologically to human cases.' We have also revealed the developmental sequence of cerebral aneurysms and the process of involvement of the apical intimal pad into the aneurysmal wall.' 2,14 Based on this bifurcation of the animal model, flow characteristics can be analyzed in the preaneurysmal, early aneurysmal, and fully developed aneurysmal states.
Intirnal Pad
At the ACA bifurcation, the apical intimal pad is located just distal to the apex on the side of the daughter ACA. During early aneurysmal development, this intimal pad was gradually incorporated into the aneurysmal wall and disappeared.' These observations suggest the importance of the apical intimal pad in the development of aneurysms.
Stagnant Flow and Endothelial Injury
One of the unique findings of the present study is that small latex particles tend to accumulate at the region just distal to the apical intimal pad at the site of gested that there is a significant relationship between the focal endothelial injury and the stagnation that occurred. Stagnation of the blood may cause anoxic injury to endothelial cells. Adhesion and accumulation of platelets or leukocytes may also cause damage to intimal tissue. The contributions of platelets or leukocytes to the development or enlargement of these aneurysms should be more clearly elucidated.
Flow Patterns
At the bifurcation with early aneurysmal change, some flow streams crossed the main stream in the daughter ACA. This might indicate the presence of a disturbed flow such as a vortex of the types shown in the glass model studies.' . ' 3'' s
At the stage of shallow invagination and small aneurysm formation, a marked decrease in flow velocity was observed in the particles, with a direction of flow toward the fundus at the proximal end of the dome. According to Bernoulli's theorem,' a marked pressure gradient is present at the proximal end of the dome, between the intra-and extra-aneurysmal lumina. The wall of the aneurysm near the proximal end is considered to be exposed to high pressure. This focal high pressure may be responsible for further injury to the aneurysmal wall or direct enlargement of the aneurysm.
In the present study, the velocity of the particles passing along the aneurysmal wall was very low, about 10% to 15% of the maximum axial velocity in the branches. Particles running along the wall were also among the smaller particles present. The tendency of small particles to stagnate may be responsible for mural thrombus formation, which may cause metabolic disorders of the aneurysmal wall.'
Wall Stress
The wall shear stress (or tangential force induced by the flow in a vessel), which is one of the important hemodynamic forces affecting the wall, was estimated roughly at and near the aneurysmal wall in the case of shallow invagination. This showed that the wall shear stress was highest at the distal end of the invagination. Wall shear stress is known to cause injury to endothelial cells,' and this finding is further evidence that hemodynamic stresses affect aneurysmal development.
